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ally	 similar	 tastes	 are	 discriminable,	 and	 we	 also	 found	 evidence	 suggesting	 that	
perceptually	identical	tastes	are	discriminable	by	the	brain.	Moreover,	discriminabil‐
ity	of	brain	responses	was	related	to	individual	participants’	perceptual	ability	to	dis‐
criminate	 the	 tastes.	 We	 did	 not	 observe	 a	 relation	 between	 brain	 response	
discriminability	and	calorie	content	of	the	taste	stimuli.	Thus,	besides	demonstrating	
discriminability	of	perceptually	similar	and	identical	tastes	with	EEG,	we	also	provide	
the	 first	 proof	 of	 a	 functional	 relation	between	brain	 response	 and	perception	of	
taste	stimuli	at	individual	level.








subliminal	 stimuli	 are	 known	 to	 be	 processed	 by	 the	 brain	 and	 to	
affect	 our	 behavior	 (Brázdil	 et	 al.,	 1998;	 Kopeikina	 et	 al.,	 2015;	




inal	 taste	 responses	 in	 the	 human	 brain	 (Chambers	 et	 al.,	 2009;	
Frank	 et	 al.,	 2008).	 Both	 studies	 used	 fMRI	 and	 investigated	
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subliminal	 taste	 responses	 by	 comparing	 taste	 stimuli	with	 sub‐
liminal	 taste	 differences.	 The	 studies	 both	 investigated	whether	
the	 taste	 of	 caloric	 and	 low‐caloric	 sweeteners	 showed	 distinct	
brain	 activations.	Frank	et	 al.	 (2008)	 found	 that	brain	 responses	
to	caloric	sucrose	and	the	low‐caloric	sweetener,	sucralose,	were	
discriminable	 despite	 being	 perceptually	 identical.	 Likewise,	
Chambers	 et	 al.	 (2009)	 found	 that	 the	perceptually	 identical	 ca‐
loric	glucose	and	low‐caloric	sodium	saccharin	were	discriminable.	






brain	 responses	 were	 discriminated	 based	 on	 subliminal	 calorie	
detection	in	the	oral	cavity.
In	 fact,	 calorie	detection	has	been	supported	by	several	 studies	
(Spector	&	Schier,	2016).	For	example,	two	studies	using	mice	proposed	
an	additional	receptor	mechanism	for	caloric	mono‐	and	disaccharides,	
operating	 independently	 from	 the	 canonical	 T1R2 + T1R3	 heterodi‐
meric	sweetness	receptor	(Sukumaran	et	al.,	2016;	Yee	et	al.,	2011).	






The	 T1R‐independent	 detection	 could	 therefore	 account	
for	 the	 often	 disparate	 taste	 of	 non‐caloric	 sweeteners	 and	 su‐
crose,	a	popular	caloric	sugar	(Larson‐Powers	&	Pangborn,	1978).	
Alternative	 explanations	 include	 different	 binding	 and	 affinity	
mechanisms	to	the	T1R2 + T1R3	heterodimer‐receptor	 (Cui	et	al.,	
2006),	 binding	 to	different	 taste	quality	 receptors	 (Pronin	et	 al.,	















crose,	 low‐caloric	 aspartame,	 and	 a	 low‐caloric	 mixture	 of	 aspar‐
tame	and	acesulfame	K,	which	better	mimics	 the	 taste	of	 sucrose	
than	aspartame	(von	Rymon	Lipinski,	1985).	The	design	of	the	exper‐
iment	therefore	allowed	us	to	 infer	whether	brain	responses	were	
mainly	 discriminated	 based	 on	 calorie	 detection	 or	 taste	 related	
differences.	If	calorie	detection	was	a	main	discriminating	factor,	it	
would	 result	 in	 equally	 high	 discrimination	 of	 the	 brain	 responses	
to	caloric	sucrose	and	either	of	the	low‐caloric	stimuli,	and	low	dis‐





















sensory	 equi‐sweetness	 test	 according	 to	 the	 general	 guidelines	
for	establishing	a	 sensory	profile	 (ISO‐13299,	2003)	of	 four	aque‐
ous	sweet	stimuli:	 (a)	sucrose	at	100g/L	 (Dansukker,	Nordic	Sugar,	





ferences	 below	 the	 threshold	 of	 conscious	 perception.	
Using	quantitative	electroencephalography	 (qEEG)	we	dis‐
criminated	 brain	 responses	 to	 perceptually	 similar	 tastes	
and	indicated	that	perceptually	identical	tastes	are	also	dis‐
criminable.	 Furthermore,	 we	 show	 that	 participants,	 who	
more	consistently	discriminated	a	taste	pair,	also	had	brain	
responses	that	were	more	discriminable.	The	successful	dis‐
crimination	of	 perceptually	 similar	 tastes	 using	EEG	paves	
the	way	for	future	low‐invasive	studies	on	subliminal	taste	
processing	with	high	temporal	resolution.
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aspartame	 and	 0.09g/L	 of	 acesulfame	K).	 The	 concentration	 level	
was	 based	 on	 an	 initial	 taste	 screening,	 and	 all	 stimuli	were	 addi‐
tionally	prepared	in	two	higher	and	two	lower	concentrations	such	
that	 the	 concentration	of	 successive	 stimuli	was	1.5	 times	 that	of	
the	previous.
The	assessors	were	tested,	selected	and	trained	according	to	
the	general	guidelines	 for	 the	selection,	 training	and	monitoring	
of	 selected	 assessors	 and	 expert	 sensory	 assessors	 (ISO‐8586,	
2012).	 Samples	were	 evaluated	 in	 the	whole	 oral	 cavity	 on	 the	
attributes:	 (a)	 maximum	 sweetness;	 (b)	 sweet	 duration;	 (c)	 time	
before	 sweet	 taste;	 (d)	metallic;	 (e)	 artificial‐chemical;	 (f)	 bitter;	
(g)	 viscosity.	 All	 attributes	 were	 evaluated	 on	 an	 unstructured	
scale	(0–100)	with	anchors	at	10	and	90	which	the	assessors	were	






sors	evaluated	all	 attributes	 for	each	 sample.	The	 samples	were	









EEG	 and	 behavioral	 studies	 since	 it	 produced	 very	 strong	 off‐fla‐
vors	at	high	concentrations.	The	concentration	of	the	taste	stimuli	
was	determined	by	 interpolating	 their	maximum	sweetness	scores	










The	 taste	 stimuli,	 Suc,	 Asp,	 and	Mix	were	 determined	 by	 aligning	
their	 scores	 of	 the	maximum	 sweetness	 attribute.	 Enabled	 by	 the	
five	 additional	 attributes	 that	were	 also	 evaluated	 in	 the	 stimulus	
selection	study	 (sweet	duration,	 time	before	sweet	 taste,	metallic,	
artificial‐chemical,	bitter,	and	viscosity),	we	estimated	potential	dif‐
ferences	 of	 Suc,	 Asp,	 and	Mix	 in	 the	 EEG	 and	 behavioral	 studies.	




concentrations.	Differences	 between	 the	 Suc,	 Asp,	 and	Mix	were	
evaluated	by	ANOVA	on	each	attribute	with	participant	as	a	random	
factor.	The	model	was:	Ati = µ + αt + Si + ɛti,	where	A = attribute	score,	
t = taste	 (Suc,	 Asp,	Mix),	 i = individual	 subject	 number	 and	 ɛti = ran‐




















ing.	During	 recording,	 the	participants	were	 instructed	 to	position	
the	head	in	a	chin	rest	and	protrude	the	tongue	out	of	the	mouth.	
Taste	stimuli	were	administered	to	the	center	of	the	tongue’s	apex	by	
programable	 pumps	 (NE‐1010,	World	 Precision	 Instruments,	USA)	
through	 one	 common	 nozzle	 to	 ensure	 identical	 stimulation	 site	





behavior.	After	each	stimulation	 the	 tongue	was	 rinsed	with	9	mL	
non‐chlorinated	water.	 All	 stimuli	were	 adjusted	 to	 21°C	 to	 elimi‐








for	 analysis.	 On	 average,	 the	 number	 of	 stimulus	 repetitions	 was	
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therefore	62	across	all	participants.	The	order	of	taste	stimulation	
was	 randomized	 so	 neither	 the	 participant	 nor	 the	 lab	 technician	
knew	the	sequence.	All	three	taste	stimuli	were	administered	on	the	






Brain	 activity	 was	 measured	 with	 128‐channel	 EEG	 (ANT	 Neuro,	
















tude	 criterion	 (absolute	 amplitude	 larger	 than	60	µV)	 and	 a	 trend	
criterion	 (>	 50	µV	 slope	 per	 trial	 if	 R2 > 0.3	 for	 a	 linear	 fit).	 If	 1–2	
channels	in	a	trial	met	a	rejection	criterion,	they	were	interpolated	
from	 the	 remaining	 channels	 in	 that	 trial	 (spherical	 interpolation,	
EEGlab	version	14.1.1b).	 If	 three	or	more	channels	 in	a	 trial	met	a	
rejection	 criterion,	 then	 the	 entire	 trial	 was	marked	 for	 rejection.	
Channels	were	 rejected	 in	 all	 trials	 if	 they	 caused	more	 than	10%	
of	the	trials	 to	be	marked	for	rejection	for	either	one	of	the	three	
stimuli	for	the	same	participant.	Rejected	channels	were	then	inter‐







(referred	to	as	within‐participant averaged evoked potentials),	and	then	
averaging	across	participants.
2.2.5 | Global field power
We	used	global	 field	power	 to	 illustrate	 the	temporal	dynamics	of	











and	 space,	 such	 as	 brain	 processes,	 and	 unlike	 noise	 components	
(Maris	&	Oostenveld,	2007).	The	cluster	permutation	test	requires	
a	threshold	to	base	the	clustering	on.	The	threshold	does	not	affect	
the	 test’s	 validity	 (Maris	&	Oostenveld,	 2007),	 and	 in	 the	 present	
paper,	threshold	values	were	chosen	to	keep	computing‐time	within	

























2.2.7 | Quantitative EEG analysis method
In	order	to	exploit	the	multivariate	nature	of	high	density	EEG,	a	quan‐
titative	EEG	analysis	method	(qEEG)	was	applied	to	discriminate	taste	




















within‐participant.	 Between‐participant	 decoding	 assumed	 that	















each	 taste	 category.	The	decoding	probability	 for	 correct	 classi‐
fication	was	used	as	a	measure	of	qEEG’s	certainty	of	the	classi‐
fication	and	its	significance	above	chance	level	was	estimated	by	










data.	 Two	participants	were	 unable	 to	 attend	 the	 discrimination	
task	 and	were	 therefore	 excluded	 from	 the	 aggregate	 EEG	 data	
set,	reducing	the	number	of	participants	to	22	(14	females	and	8	
males).	The	discrimination	task	was	performed	as	a	triangle	test,	
where	participants	had	 to	 identify	which	of	 three	 taste	 samples	
was	 different	 from	 the	 other	 two.	 The	 discrimination	 task	 was	
performed	 for	 all	 three	 taste	 pairs,	 that	 is,	 Suc	 versus	Asp	 (SA),	
Suc	 versus	Mix	 (SM),	 and	 Asp	 versus	Mix	 (AM).	 Each	 taste	 pair	
was	repeated	six	times,	once	for	each	of	the	six	possible	serving	
sequences	to	avoid	carry‐over	effects	in	the	final	result.	The	total	
of	18	repetitions	 (six	 repetitions	of	 three	taste	pairs)	were	rand‐







cance	 level	 (binomial	 distribution,	without	 adjusting	 for	multiple	
comparisons,	MATLAB	2017a).	Whether	 sex	 affected	 the	 ability	
to	discriminate	the	taste	pairs	was	estimated	by	Fisher’s	exact	test	
at	5%	significance	level	 (MATLAB	2017a).	The	test	was	based	on	












To	verify	 that	 the	 tastes	were	perceptually	similar	or	 identical,	we	
assessed	the	participants’	perceptual	ability	to	discriminate	each	of	
the	taste	pairs.
Table	 1	 shows	 the	 participants’	 perceptual	 ability	 to	 discrimi‐





















ally	 similar	 if	 the	participant	discriminated	 the	 taste	pair	 at	 a	10%	
significance	 level	 (4–5	 correct	 of	 6),	while	 tastes	with	 poorer	 dis‐






3.2 | EEG study: Decoding based on within‐




brain	 responses	by	 assessing	whether	 their	 grand‐average	evoked	
potentials	 could	 be	 discriminated.	All	 analyses	were	 performed	 at	
the	level	of	within‐participant	averaged	evoked	potentials	(single	tri‐
als	were	averaged	within	each	taste	condition	for	every	participant).









All	 three	brain	 responses	 followed	 the	 same	overall	 pattern	 in	
both	 the	 spatial	 (Figure	 1a)	 and	 temporal	 domain	 (Figure	 1b)	 and	










All	 three	 grand‐average	 evoked	 potentials	were	 significant	 ac‐
cording	to	a	cluster	permutation	test	on	the	within‐participant	aver‐
aged	evoked	potentials	(Figure	1c).	Clusters	were	found	in	the	period	
from	0.04	 to	1.0	 s.	However,	 the	cluster	permutation	 test	did	not	
find	significant	differences	between	the	grand‐average	evoked	po‐






Thus,	 significant	 brain	 responses	 to	 the	 taste	 stimuli	were	 re‐
corded,	but	could	not	be	discriminated	based	on	their	within‐partic‐
ipant	averaged	evoked	potentials.
3.3 | EEG study: Decoding based on single‐trial 
evoked potentials
Since	tastes	could	not	be	discriminated	based	on	within‐participant	






class	 logistic	 regression	 classifiers	with	 classes:	Asp,	Mix,	 and	Suc	
(chance	level	33⅓%).	For	every	participant,	qEEG	was	trained	on	ei‐
ther	 the	 remainder	of	 the	participant	group	 (between‐participant),	
TA B L E  1  Participants'	perceptual	ability	to	discriminate	each	of	
the	three	taste	pairs:	Suc	versus	Asp	(SA),	Suc	versus	Mix	(SM),	and	
Asp	versus	Mix	(AM)
Participant Sex SA SM AM Mean
1 F 2 2 1 1.7
2 F 1 4* 2 2.3
3 F 4* 2 3 3.0
4 F 3 2 1 2.0
5 F 2 2 3 2.3
6 F 1 1 2 1.3
7 F 4* 2 0 2.0
8 M 1 2 2 1.7
9 F 2 3 2 2.3
10 M 5** 1 4* 3.3
11 M 5** 4* 3 4.0
12 M 2 2 2 2.0
13 F 4* 2 2 2.7
14 F 1 2 1 1.3
15 F 4* 4* 3 3.6
16 M 1 0 2 1.0
17 F 5** 2 3 3.3
18 F 2 2 3 2.3
19 M 4* 4* 4* 4.0
20 M 1 1 5** 2.3
21 F 5** 3 2 3.3
22 M 3 4* 1 2.7
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participant	multi‐class	decoding	of	 a	 single	 participant	 is	 shown	 in	
Figure	2f,	as	opposed	to	the	participant	mean	in	Figure	2b.
Taste	 response	 discrimination	 by	 between‐participant	 qEEG	

















Summing	 up,	 within‐participant	 qEEG	 on	 single‐trial	 level	 suc‐






3.4 | Relation between EEG and behavior on taste 
pair level
Prompted	 by	 the	 successful	 discrimination	 of	 the	 taste	 pairs,	 we	
then	 assessed	 whether	 the	 discriminatory	 performance	 of	 qEEG	
could	be	linked	to	the	participants’	perceptual	ability	to	discriminate	
the	 taste	 stimuli.	Within‐participant	 qEEG	 at	 the	 single‐trial	 level	



















































3.5 | Relation between EEG and behavior on the 
individual level
The	participants	 could	be	 split	 into	 two	 subgroups	of	 roughly	 the	
same	 size	based	on	 their	 perceptual	 ability	 to	discriminate	 the	SA	











ceptually	 similar	 taste	 responses	 (significant	discrimination	at	10%	
significance	 level,	 9	 participants)	 and	 perceptually	 identical	 taste	
responses	 (13	participants).	Decoding	 probability	 of	 both	 the	 per‐
ceptually	 similar	 and	 the	 identical	 taste	 responses	 are	 plotted	 in	
Figure	3e.	Their	significance	from	chance	level	at	50%	(right	tailed	
t	 test,	α = 5%)	 is	plotted	at	 subgroup	 level	 in	Figure	3d	and	at	par‐
ticipant	level	in	Figure	3f.	The	SM	and	AM	taste	pairs	only	had	few	


















The	 analysis	 revealed	 that	 qEEG	 can	 discriminate	 perceptually	
similar	taste	responses,	and	(to	a	certain	extent)	perceptually	iden‐
tical	 taste	 responses	 (Figure	3d,e).	 The	 analysis	 also	 revealed	 that	
brain	responses	are	better	discriminated	when	tastes	are	perceptu‐
ally	similar	than	when	identical.	The	tendency	was	also	seen	among	
individual	 participants	 (Figure	 3f),	 and	 for	 the	 first	 time	 provides	
evidence	 of	 a	 link	 between	 perception	 and	 brain	 response	 on	 an	
individual	level.	In	general,	participants	who	more	consistently	dis‐
criminated	 a	 taste	 pair	 perceptually	 also	 had	 better	 discriminated	
brain	responses.
Interestingly,	 the	 decoding	 of	 perceptually	 similar	 and	 percep‐
tually	identical	tastes	resembled	each	other:	the	prestimulus	period	
was	at	chance	 level,	and	shortly	thereafter	qEEG	classification	 im‐













taste	 response	differences.	Comparing	 the	participants’	 responses	
in	the	EEG	and	behavioral	studies,	we	can	summarize	the	main	re‐
sults	of	the	present	investigation	as	follows:	(a)	Brain	responses	to	









produce	similar	 taste	sensations.	Perceptual	 similarity	of	 the	 taste	
stimuli	was	assessed	for	each	participant	in	the	behavioral	study	and	
assumed	 to	 apply	 to	 their	 sensations	 in	 the	 EEG	 study.	 However,	
since	 the	 EEG	 study,	 unlike	 the	 behavioral	 study,	 did	 not	 enforce	
discrimination	 tasks	 and	hence	attention	on	 taste	differences,	 the	
taste	percepts	in	the	EEG	study	were	at	most	as	distinguishable	as	
in	 the	 behavioral	 study.	 The	 similarity	 of	 the	 taste	 evoked	 poten‐
tials	 in	 the	EEG	 study	 could	 therefore	be	 explained	by	 the	 similar	
taste	percepts	and	consequently	similar	brain	processes.	However,	
by	applying	a	quantitative	EEG	analysis	(qEEG),	we	were	able	to	dis‐
criminate	perceptually	 similar	 tastes	 and	 furthermore	 able	 to	 indi‐
cate	 discrimination	 of	 perceptually	 identical	 tastes.	 This	 suggests	













ies	 have	 also	 investigated	 taste	 discrimination,	 albeit	 with	 clearly	
distinct	taste	percepts.	They	found	taste	discrimination	onset	at	77	
ms	comparing	two	salty	concentrations	 (Tzieropoulos	et	al.,	2013),	







different	analysis	methods.	The	present	 study	 is,	however,	 closely	
related	to	the	study	by	Crouzet	et	al.	(2015),	which	observed	taste	
discrimination	onset	 approximately	100	ms	 later	 than	 in	 the	pres‐
ent	study.	The	delay	may	partly	be	explained	algorithmically,	since	
qEEG	in	the	present	study	was	allowed	to	train	on	data	0.05	s	before	















other	 taste	 attributes.	 This	 could	 account	 for	 brain	 response	 dis‐
criminability	in	the	primary	sensory	system.	According	to	the	stim‐
ulus	selection	study,	Suc	and	Asp	were	significantly	different	on	all	
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attributes	 except	maximum	 sweetness,	 Suc	 and	Mix	were	 signifi‐
cantly	different	on	 four	of	 the	attributes	 (artificial	 sweet,	metallic	
taste,	bitterness,	and	thickness),	while	Asp	and	Mix	were	not	signifi‐
cantly	different	on	any	attribute.	Based	on	 the	 stimulus	 selection	
study	we	therefore	propose	that	taste	stimuli	in	the	EEG	study	were	






















by	 increasing	 participants’	 average	 ability	 to	 discriminate	 a	 taste	
pair,	the	corresponding	brain	responses	are	easier	to	discriminate	in	
terms	of	both	accurateness	and	duration	of	the	decoding.
We	 achieved	 a	 more	 fine‐grained	 analysis	 than	 Crouzet	 et	 al.	




consistently	 discriminated	 a	 taste	 pair	 perceptually	 also	 generally	
had	 brain	 responses	 that	 were	 more	 discriminable.	We	 therefore	






ent	study	 limited	 itself	 to	self‐reported	normal	 tasters,	a	selection	
criterion	 that	 could	 advantageously	 be	 confirmed	by	 standardized	
taste	tests	and	extended	to	address	subliminal	taste	processing	of	
subjects	with	taste	disorders.
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